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Abstract 


The spin of the r lepton in the semiletonic process —)■ D^t~V can be polarized 
in the direction which is normal to the reaction plane, if the charged Higgs boson 
exists and its coupling to quarks has a complex phase. We calculate this transverse 
polarization of the r lepton by using the experimentally measured B to D transition 
form factors. 


PACS codes: 12.39.Hg, 13.20.He, 13.20.-v, 13.25.Hw 


Since the charged Higg boson effects can be important in the purely leptonic 
and the semileptonic decays of B mesons, these decays can be used to extract the 
constraints on the parameters of the two-Higgs-doublet model [Tj. Ref. |2] showed 
that the angular asymmetry of the lepton momentum in the semileptonic R-decay 
is useful for this extraction. Ref. [3] studied the effect of the charged Higgs boson 
on the longitudinal polarization of the final tan lepton in the semileptonic R-decay. 
The transverse polarization of the final tan lepton in the semileptonic R-decay was 
studied in order to investigate the effect of the charged Higgs boson m El El [7]. Ref. 
[8] found that we can use the angular distribution of the hnal pion produced from 
the hnal tan lepton in the semileptonic R-decay for this extraction, and from the 
experimental result of the branching ratio of R —)■ ri/ they obtained the constraint 
that the absolute value of gs — ^ should be near 1 in the MSSM situation with gp = gs- 
For three example values of gs = 0, 2, and 1 + i which satisfy this constraint. Ref. [8] 
presented the angular distribution of the hnal pion. In this paper we show that the 
imaginary part of gs can be extracted by studying the polarization, transverse to the 
rection plane, of the hnal tau lepton in the semileptonic R-decay. These investigations 
are especially important because of recent impressive experimental progresses in the 
processes R — Dtp and R —)■ rz/ [9l [101 [HI [Hi [131 [13] . 

From Lorentz invariance one hnds the decomposition of the hadronic matrix ele¬ 
ment in terms of hadronic form factors: 


< D*(p)\!:ThW(P) > = (P + p)'7+(9t + (P- 
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( 1 ) 


We use the following notations: M = mp represents the initial meson mass, m = mp 
the hnal meson mass, mi the lepton mass, P = pp, p = Pd, and q^ = {P — p)^. The 
form factors Ri(g^) and Ro(<?^) correspond to 1“ and O’*" exchanges, respectively. At 
g2 = 0 we have the constraint Ri(0) = Ro(0)) since the hadronic matrix element in 
(|T|) is nonsingular at this kinematic point. 

The diherential decay rate is given by 

dV = , ^ A M\‘^dq^dt , (2) 

(27r)3 32M3' I ^ ^ 


where in the standard model 
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Gp 

V2 


Wfe < R+(p)|c7'^(1 - 'y,)b\B\p) > ui{k)Y{f - 75)w(fc) . 


(3) 


We use the notations: k = pi-, k = pp, q"^ = {P—p)^ = {k+k^, t = {P—kY = {p+kY^ 
and u = {P — kY = {p + kY- 

Let us work in the q rest frame. We use the notation A(g2) = — 

q^Y ~ 4:M‘^m‘^Y^‘^■ work in the coordinate system in which we have the following 
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expressions: q = (y^, 0, 0, 0), P = = {Eb, 0,0,\pd\), p = Pd = {Ed, 0, 0, \pd\), 

Pi = (Pz, |p/|sin6',0, IpzIcos^), \pd\ = Eb = Ed = 

2\/r Wr 


Wq- 


- m2 - g2), |p-| = ^(g2 _ mf), Ei = + mf). 


Wq 


From ([I]) , ([2]) and ([3]) , we get [131 US] 
dr(;^ ^ D+ 1 -T 7 ) 


Wq 
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l \2 


dq'^d cos 9 
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-(A(g^))^(l-^)A^i(g^)^cos20 
+ 2A(g2)!!|(i-^)Fi(g2)Fo(g2) cos0 
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+ {^{q^)YF,{qr + ^ {I-j^YFo{q^ 


where the allowed range of q^ is given by 


rrY ^ q"^ ^ {M — mY ■ 


(5) 


After the 9 integration of (jl]) over the range 0 < 6^ < vr, the distribntion of the 
decay rate is given by 


dr(;^ -> D+l-V) 
dq'^ 
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/. / 9 nN 9 / 1 '^1 N ^ / 9 n 9 3 rrif , m? ^ . 

(A(9")f(l + 5-^)n(9y + 5 ^ (1 - Mi) 
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When there exists the charged Higgs boson, the transition matrix element A4. 
given in (jS]) is modihed by the contribntion of the charged Higgs boson: 


M = < D+{p)\c-f^{l--f,)h\^{P) > ^(fc)7^(l -75)n.(fc) 


(7) 
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< D~^{p)\c{gs + gpl5)b\B (P) > ui{k){l - -f5)vu{k) 


Using 


< D+(p)|c6|b"(P) > = - F„(q^) , 

rrib - rric 


( 8 ) 


from (P), (E]) and (P), we get 
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where y = {po x pi)/\'PD x pz|, f? is unit vector in the spin direction of I , and 


= [-(A(q^)f{l-!d)F,iqYcos^0 (10) 

L q^ 

+ 2 A(g^) ^ (1 - ^) MFiiq^) h{q^)] oos9 
+ {Hq^)?F,{qr + \Fo{q^)\"\ ’ 

= -2Im[(75]^^^A(g2)(l-^)^^Fi(g2)Fo(g2)sin0 , (11) 

mb 

Fo(9t = (1 - Ss A ) . (12) 

nib 

In (1TT|1 we used the notation gs = Re[ 5 f 5 ] + ilm[ 5 f 5 ] in which Re[ 5 f 5 ] and Im[ 5 fs] are 
real. The second term in (|9]) is proportional to the vector product n ■ {pd x pi) which 
is the correlation of the l~ spin and the momenta of and l~, and so it corresponds 
to a single-spin asymmetry. From ([9]) we obtain the transverse spin polarization of 
l~ as 

P ( 2 n-s ^ dT[n-y = +l]-dT[n-y = -l] ^ B{q\e) 

dT[n ■ y = +1] + dT[n ■ y = -1] A{q\e) ' ^ ’ 

For the B to D meson (heavy to heavy) transition form factors, the heavy quark 
effective theory gives m 


A{q\e) 


B{q\d) 

where 
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where uj = {M‘^ + m^ — q^)/{2Mm) and G{u}) is a form factor which becomes the Isgur- 
Wise function in the inhnite heavy quark mass limit. We use the parameterization of 
G{u;) given in [TB] : 


= 1 - Splz + (blpl - 10)2^ - (252yo - 84)z=> 


(15) 


with z = (voT+T — \/2)/(\/a7+T -|- \/2). We use the world average values given in 

m- 


^(l)|Wb| X 10^ = 42.69 ±0.72 ± 1.27 , = 1.20 ± 0.04 ± 0.04 . (16) 

For explicit calculations with (E]) and flT^ . we use the form factors given by flTTll . 
(USD and flT6|) . Ref. |8] obtained the constraint that the absolute value of — 1 
should be near 1 in the MSSM situation with gp = gs from the experimental result 
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of the branching ratio of i? — )■ tv. We perform explicit calculations at hrst with three 
example values of gs = 0 , 2 , and 1 + z which satisfy this constraint, following what was 
done in Ref. [ 8 ]. Then, we also consider a more general case of 5^5 — 1 = e*“, which 
satishes the above-mentioned constraint. For the numerical value of ^ appearing in 
(UBi, we use 0.2 which is the value Ref. [ 8 ] used. 

Fig. [1] shows the result from ([9]) for gs = 0, which is the same as that from 
iHl) . By integrating ([9]) over the angle, we obtain the graphs given in Fig. [2] for 
5^5 = 0, 1 -|- z, 2. For reference, we calculate the decay rate for real values of gs in 
the range of 0 < < 4 by integrating (|9]) over the angle and to get the result 

presented in Fig. |3l We calculate the transverse spin polarization of the tan lepton 
by using flT^ when gs = 1 + i, and its result is given in Fig. 01 The graphs in Fig. [5] 
are given from the result presented in Fig. (Hat hxed values of 6 *; 6 * = ^, |, 

Then, we consider the case of 5^5 — 1 = by adopting the constraint obtained in 
Ref. [H]. We calculate the decay rate by integrating ([9]) over the angle and and 
obtain the a dependence of the decay rate presented in Fig. [6l We also calculate the 
global polarization, which is dehned as the integration of the numerator in (fT3|) over 
the angle and divided by that of the denominator in (ITSD . and get the result given 
in Fig. [71 

We derived the formula for the transverse spin polarization of the r lepton in 
the semiletonic process which is expressed in terms of the coupling 

constant gs and the B to D transition form factors. This formula shows that the 
r lepton can be transversely polarized when the charged Higgs boson exists and its 
coupling to quarks has a complex phase. We performed explicit calculations of this 
transverse polarization by using the experimentally measured B to D transition form 
factors. Experimental investigation of this transverse polarization, with the BaBar 
and Belle data and in LHCb and Belle II, should be important for the study of 
the charged Higgs boson. If this transverse polarization is measured to be nonzero 
experimentally, it could be the implication that the charged Higgs boson exists and 
its coupling to quarks has a complex phase. 
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Figure 1: 10^^ x dV/dq^d9 (GeV“^) for gs = 0. 
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Figure 2: 10^® x dV/dq^ (GeV for gs = 0, 1 + *, 2 m sequence from the top 

to the bottom. 
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Figure 3: 10^^ x T{gs) (GeV) for real gs 



Figure 4: 'Py{q^, 6) for gs = I + i. 
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Figure 5: Vy{q^,d) for gs = I + i, at 9 = j, ^ in sequence from the 

bottom to the top. 


0 n 2n 



Figure 6: 10^^ x F(a) (GeV), a dependence of the decay rate. 
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Figure 7: a dependence of the global polarization. 
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